ABSTRACT This study hypothesizes that in ovo sulfur amino acids (SAA) injection can alleviate the heat or oxidative stress of hatched chicks. Thus, the study aimed to assess the impact of in ovo injection of SAA with heat stress during the incubation on heat shock protein 70 (HSP70), corticosterone hormone, antioxidant indices, and lipid profile of newly hatched broiler chicks. Eggs were incubated under optimal incubation temperature (37.8
INTRODUCTION
One of the indicators of the success of poultry industry is production of chicks that bear the various environmental conditions such as heat stress (HS). Scientific research has tried to find different ways to help the chicks in resistance of HS (De Basilio et al., 2001) . The most recent of these methods depend on the thermal manipulation during the incubation period to reduce the potential negative effect of HS as heat acclimation. The physiological adaptations can be revealed at many points, including alterations in molecular and metabolomic level (Jastrebski et al., 2017) . However, HS cause oxidative stress (OS) in the body. Oxidative stress is defined as the presence of metabolic and C 2019 Poultry Science Association Inc. Received September 20, 2018. Accepted December 23, 2018. 1 Corresponding author: xtzou@zju.edu.cn radical substances or so-called reactive (oxygen, nitrogen, or chlorine) species. These substances can modify lipids, proteins, or nucleic acids, resulting in cell death (Halliwell and Whiteman, 2004) . It leads to biological damage, several pathological statuses, and declined the growth of poultry (Fellenberg and Speisky, 2006) . The improvement in the activity of antioxidant system is one of the solutions available to deal with this problem. Antioxidant defense system plays vital roles in the health, especially in the last phase of chick embryo development (Goel et al., 2016) . Therefore, in ovo injection is one of the best approaches that could boost antioxidant capability during pre-hatch period (Yigit et al., 2014) . In ovo injection of sulfur amino acids (SAA) such as methionine and cysteine may be helpful in improving the antioxidant system and stress indices. As well, in ovo injection of amino acids can augment the growth and development of the embryo (Foye et al, 2007; Kadam et al., 2008) .
The SAA play a crucial role in the metabolism and oxidation (Brosnan and Brosnan, 2006; Wu, 2009) . These amino acids maintain the stability and balance of free radicals in the body and have outstanding antioxidant capacity (Bin et al., 2017) . Also, SAA can remove reactive oxygen species (ROS), and diminish cell damage prompted by OS (Moskovitz, 2005) . Different sulfur containing amino acids may possess different antioxidant pathways depending on the chemical forms (Parcell, 2002) . Methionine thought to play main roles in the body, such as protein synthesis, glutathione (GSH) precursor, ROS elimination, methylation reaction of DNA, and other molecules (Kidd, 2004) , and thus methionine is extremely delicate to oxidative modification (Ruiz et al., 2005) . Cysteine has critical roles in the structure and function of the protein and in protecting against OS, and also it is a precursor for constituents which play a central role in the antioxidant protection system of the body (Jong et al., 2012) and is a constituent of the antioxidant GSH (Mari et al., 2009) . Glutathione is a related metabolite of cysteine directly, and of methionine indirectly. Although cysteine is produced by the methionine metabolism, and the requirement of SAA can be met from methionine alone, but in poultry, it is important to add them together (methionine + cysteine), especially in stress situations that increase the need to add the cysteine with the methionine as SAA, both of which increase protein accretion. Generally, the need for SAA increases with HS as it is necessary to synthesize the GSH to reduce the damage from OS caused by HS (Bunchasak, 2009) . Therefore, the administration of cysteine plus methionine for broiler production is an appreciated research topic.
There are no available published literatures dealing with the impact of in ovo injection of methionine plus cysteine in alleviating the HS or OS of hatched chicks; subsequently, the current study was under the hypothesis that HS during the incubation prompts OS of the embryo, and that in ovo injection of methionine plus cysteine may contribute to the production and action of antioxidant components, thereby reducing the damage caused by stress. Thus, the study aimed to assess the impact of ovo injection of sulfur-containing amino acids (methionine plus cysteine) with HS during the incubation on heat shock protein 70 (HSP70), corticosterone hormone, antioxidant indices, and lipid profile as well as expression levels of the genes related to oxidative and HS (glutathione peroxidase [GSH-Px] and HSP70) in broiler chicks at hatch time.
MATERIALS AND METHODS

Ethics Statement
The protocol of experiment utilized in this study was complied with the Chinese guidelines for animal welfare and approved by the Animal Care and Use Committee of College of Animal Science, Zhejiang University (Hangzhou, China).
Experimental Procedures
Fertile eggs used in this experiment were obtained from a commercial Ross broiler breeder flock (Hangzhou, Zhejiang, China). Eggs were incubated, in an incubator-Model ZF440 (Zhengda Incubation Equipment Co. Ltd., Dezhou, China), under optimal incubation temperature (37.8
• C) with relative humidity 55% from days 1 to 10 and then under high temperature (39.6
• C for 6 h daily [10:00 to 16:00]) between 10 and 18 D of incubation. From day 18 to the hatch time, the incubation temperature was 37.5
• C. Within the incubation period, eggs were turned every 1 h. The required humidity was maintained by adding water to a tank in the incubator by hand. The unfertilized eggs were removed from the incubator after a process of candling for eggs on day 10 of incubation. At day 17.5 of incubation, the embryonated eggs (n = 150) with similar weight were randomly distributed into 3 groups of 50 replicate eggs. In the first group as a control was non-injected eggs (non-injected group, NIG), the second group was only injected with 1.0 mL of 0.75% saline solution (saline-injected group, SIG), and the third group was injected with a mixture of 2 amino acids (5.90 mg L-methionine plus 3.40 mg L-cysteine) dissolved in 1.0 mL saline solution (sulfur amino acids-injected group, SAAIG). This concentration was calculated as 2% from the content of methionine and cysteine (295 and 170 mg/egg, respectively) in the egg according to Ohta et al. (2001) and Bhanja et al. (2004) . The solutions were freshly prepared on the injection day.
The SAA (L-methionine [C 5 H 11 NO 2 S, purity ≥ 99%] and L-cysteine [C 3 H 7 NO 2 S, purity ≥ 99%]) used in this study were purchased from Beijing Solarbio Sciences and Technology Co., Ltd. (Beijing, China) and applied regarding sanitary considerations. Eggs were injected through the air cell using a 21-gauge needle to target the amniotic fluid, which was known by the candling. Before injection time, pilot tests with visible dye confirmed the safe delivery of solutions into the amnion.
Serum Samples Collection
Blood samples from 10 chicks per each group were randomly collected at hatch time after slaughtering, and then were centrifuged (3,000× g) for 10 min at room temperature to separate the serum. Serum samples were kept at -80
• C until analyzed.
Serum Lipid Profile
Serum concentrations of triglycerides, total cholesterol, high density lipoprotein (HDL), and low density lipoprotein (LDL) were measured spectrophotometerically by an automated system (7020 analyzer, Hitachi High-Technologies Co., Tokyo, Japan) using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Very LDL (VLDL) was calculated through dividing the triglycerides by 5 as indicated by Friedewald et al. (1972) .
Measurement of Serum HSP70 and Corticosterone Hormone
Serum HSP70 and corticosterone hormone were detected by using ELISA kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according to the instructions of kits. Absorbance was measured at 450 nm by a microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA).
Assay of Antioxidant Indices in the Tissues and Serum
After hatching time, 10 chicks per group were slaughtered to determine antioxidant indices such as malondialdehyde (MDA), catalase (CAT), reduced GSH/oxidized glutathione (GSSG) ratio, GSH-Px, and superoxide dismutase (SOD) (Total-SOD and CuZn-SOD) in serum and tissues (liver, cardiac muscle, pectoral muscle, kidney and small intestine). Assay kits for antioxidant indices were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The tissue samples were removed from -80
• C storage, homogenized 10 sizes (0.1 g per mL) of ice-cold isotonic physiological saline by a Tissuelyser-48 (Xin Jin Technology, Shanghai, China) at 65 Hz/60 s, and instantly centrifuged (12,000 rpm) at 4
• C/10 min to gain the supernatant for analyses.
Analysis of Relative mRNA Expression of GSH-Px and HSP70 by Real-time PCR
The GSH-Px, and HSP70 genes expression in the tested tissues (liver, jejunum, cardiac muscle, pectoral muscle) of newly hatched broiler chicks were quantified by quantitative real-time PCR system (ABI 7500, Applied Biosystems, Foster City, CA) according to the protocol of ChamQTM Universal SYBR qPCR Master Mix (Vazume, Nanjing, China). Gene-specific primers for GSH-PX, HSP70, and reference gene (18S) are presented in Table 1 .
Total RNA was isolated from about 50 mg of the tissue by using a TRIzol reagent (Invitrogen, Carlsbad, CA) and other reagents according to the manufacturer's instructions. The purity of RNA was determined by a Nanodrop 2000 UV-Vis spectrophotometer (Thermo-fisher scientific, Wilmington, MA) at an optical ratio of OD260/OD280 which was in the range of 1.9 and 2.1. The quality of RNA was inspected by agarose 1.2% gel electrophoresis. The cDNA was synthesized by reverse transcription by using HIScript II QRT SuperMix for qPCR (Vazyme, Nanjing, China) using the manufacturer's instructions. The PCR reaction was performed within the following thermal procedure: (95
• C/30 s), followed by 40 cycles of that (95
• C/10 s) and (60 • C/30 s), then go with that (95
• C/15 s), (60 • C/1 min), and (95 • C/15 s). There were 6 samples for each group, each sample was conducted in duplicate, and no template control was included. The mRNA levels were standardized as the ratio to 18S rRNA in arbitrary units by using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ).
Embryonic Mortality
On the day of hatch, unhatched eggs were used to determine the embryonic mortality as a percentage of fertile eggs.
Statistical Analyses
Data analysis was performed by one-way ANOVA using IBM SPSS Statistics for Windows (IBM SPSS 22; IBM Corp., Armonk, New York, USA). Differences among treatments were tested using post hoc Tukey's test. Differences were considered to be significant at P < 0.05. The results are presented as means and standard error of the mean.
The model of analysis was as follows:
where Y ij = the observed value, μ = the overall mean, I i = treatment effect i th , and e ij = the random error.
RESULTS
Serum HSP70 and Corticosterone Hormone
The effects of in ovo injection of SAA on levels of serum HSP70 and corticosterone hormone of newly hatched chicks are presented in Figure 1 . The HSP70 and corticosterone concentrations were significantly declined (P < 0.001) by the injection of SAA (SAAIG) compared with the NIG and SIG.
HSP70 and GSH-Px mRNA Relative Expression in the Tissues
The present study showed the effects of in ovo injection of SAA on the mRNA relative expression of HSP70 and GSH-Px in Figures 2 and 3 , respectively. Compared with the NIG, GSH-Px mRNA relative expression was augmented in the SAAIG in the liver, jejunum, cardiac muscle, pectoral muscle tissues (P < 0.001).
However, HSP70 and GSH-Px mRNA relative expression did not change significantly in the SIG in any of the tissues compared to the NIG. As well, HSP70 mRNA relative expression was decreased in the same tissues (P < 0.001) of newly hatched broiler chicks in the SAAIG.
Antioxidant Indices in the Serum and Tissues
As shown in Table 2 , in ovo injection of SAA (SAAIG) significantly augmented the T-SOD and CuZn-SOD activity of serum (P < 0.001), small intestine (P < 0.05), liver (P < 0.001), cardiac muscle (P < 0.01), and pectoral muscle (P < 0.01) tissues in newly hatched chicks compared with the NIG and SIG, but the differences were insignificant in T-SOD activity of kidney tissue (P > 0.05) among all groups. The MDA levels in the serum, small intestine, liver, cardiac muscle, pectoral muscle, and kidney tissues were significantly lower (P < 0.001) with in ovo injection of SAA compared to the NIG and SIG. There were no significant alterations among all groups regarding CAT activity in serum and tissues except pectoral muscle, which was significantly (P < 0.01) higher in the SAAIG compared with the NIG and SIG. The SAAIG had significantly higher GSH-Px activity and GSH/GSSG ratio in the serum (P < 0.01) and the tissues (P < 0.05), not including kidney tissue which was insignificant, compared with the NIG and SIG.
Serum Lipid Profile
The results of present study exhibited that SAAIG had significantly lower levels in the serum triglycerides (P = 0.004), total cholesterol (P < 0.001), LDL (P = 0.015), and VLDL (P = 0.040) compared to those of the control and SIG. Additionally, the serum HDL level was significantly decreased (P < 0.001) in the SAAIG compared with the control (Table 3) .
Embryonic Mortality
The effects of in ovo injection of SAA on levels of embryonic mortality are presented in Figure 4 . The SAAIG had a lower ratio of embryonic mortality than other groups (NIG or SIG) but the differences were not significant.
DISCUSSION
Recently, in ovo injection approach has been extensively used in the poultry studies as a way to improve the physiological status of the developing embryo. This study was designed to use such an approach under HS during the incubation. The inducing for epigenetic thermal conditioning during incubation involves changes in some physiological responses and perhaps serves as a way for epigenetic temperature adaptation since the same mechanisms are used for coping with HS in post-embryonic growth. In the current study, embryos were heat stressed during incubation from days 10 to 18 because this time has to be related to the development of both of the hypothalamus-pituitary-adrenal (HPA) and hypothalamus-pituitary-thyroid axis to impact heat production threshold responses (Yahav et al., 2004) . Moraes et al. (2004) suggested that days 14 and 15 of incubation might be the optimal sensitive time for evoking epigenetic temperature adaptation during embryonic development. Yahav et al. (2004) decided that exposure of eggs to 38.5 • C (3 h/D) from 16 to 18 D of incubation had a helpful effect on thermoregulation of day-old chicks. Improved thermotolerance could be an appreciated tool to maintain the broiler performance in tropical and subtropical regions (Sengor et al., 2008) . Additionally, Collin et al. (2012) stated that thermal manipulation during incubation could favor chicken robustness in the face of environmental alterations without significantly affecting the growth after hatching. However, HS stimulates oxidative damages of tissues and induces the release of HSP70 and corticosterone hormone. HSP70 synthesis is stress dependent and is induced to protect the cells that are exposed to HS or OS. Most of the causes that induced the response of HSP70 are also involved in the ROS production (Mahmoud et al., 2004) . Therefore, the response of HSP70 may be used as a tool to well understand the chick response to elevated stress on a molecular basis. Mahmoud et al. (2004) noticed the sturdy link between synthesis of HSP70 and lipid oxidation in stressed cells. Thus, it can be concluded that in ovo injection of SAA in the present study was therapeutic against the beginning oxidative damage resulting from high temperature during the incubation. Liver, jejunum, cardiac muscle, and pectoral muscle HSP70 mRNA relative expression and serum HSP70 were decreased in the SAAIG compared with other groups. An adaptive response to HSP70 mRNA had occurred in the tissues with SAA treatment, but NIG or SIG treatment was still suffering from the exposure to high temperature. Additionally, serum corticosterone is the primary stress produced by HPA axis, and its production is augmented under stress, but its reduction has a positive effect in broilers (Lien et al., 1996) . Additionally, we found that corticosterone concentrations of newly hatched chicks were significantly reduced by the injection of SAA (SAAIG) compared with the NIG and SIG. This means that the SAAIG chicks were adapted to the stress during the incubation period. However, the higher level of serum corticosterone concentration in SIG or NIG indicates that chicks suffered from HS.
In order to avoid the negative effects of the exposure of the chicks to HS, this study was conducted and relied on in ovo injection of SAA contributes in production and action of antioxidant components, and then thereby reducing the damage caused by stress. Many studies are interested in in ovo injection manipulations under normal incubation condition, but not under HS, so the present study is designed to take advantage of SAA in form of methionine plus cysteine and in ovo injection approach to reduce the negative impact of HS on the embryo and production of heat adapted chicks. Dietary supplementation of methionine may affect the cellular response to OS due to it is a precursor for cysteine, which plays necessary roles as antioxidants to maintain the cellular redox status (Shoveller et al., 2005) . Methionine and cysteine are one of the limited amino acid in poultry diets for protein deposition in the body. They exert significant functions out of their metabolites, such as S-adenosylmethionine, polyamines, and GSH (Bin et al., 2017) . SAA serves as a precursor for the GSH synthesis that plays a role in the protection against OS (Métayer et al., 2008 ). In the current study, heat stressed chicks during incubation with SAA injection (SAAIG) presented significantly lower MDA level and higher SOD and GSHPx activities as well as an upper relative expression of GSH-Px mRNA compared with NIG and SIG. Similar studies on SAA indicated the same trend, where Del Vesco et al. (2015a) stated that methionine supplementation in broiler diet under HS conditions contributed in augmentation of genes expression levels related to antioxidant activity, including GSH-Px. Also, Surai (2016) stated that SOD is displayed to provide an effective safeguard against lipid peroxidation in embryonic tissues of chicken. The great SOD and GSH-Px activity under HS is an indicator of the adaptive mechanism to reduce ROS formation (Surai 2016; Surai et al., 2018) . Increased SOD and GSH-Px enzyme activities may improve the state of antioxidant defense system of broiler chickens. Dietary methionine content induced the GSH-Px mRNA expression in the chicks exposed to HS to avoid augmented ROS production in an attempt to regulate the antioxidant system (Del Vesco et al 2015a). Also, increasing methionine levels in broiler diets under HS was beneficial and recovered any damage to the bird (Del Vesco et al 2015b). Németh et al. (2004) confirmed that methionine plays a significant role in promoting the synthesis of the liver GSH-Px activity of growing chicks. As well, dietary methionine supplementation boosted serum SOD activity and declined MDA level at day 7 in broiler (Chen et al., 2013) . Also, Wen et al. (2017) suggested that higher dietary methionine levels improved antioxidant status through augmentation GSH-Px and SOD activity in the breast muscle. Lai et al. (2018) stated that the increase in dietary methionine levels was associated with increased GSH-Px activity in serum of chickens. The addition of cysteine contributed to the presenting accessory protein and GSH in response to stress (Grimble, 2006) . Cysteine is contributed in the metabolism of GSH, which prevents the cells damage caused by ROS that was caused by HS (Lin et al., 2006) . In a recent study by Jastrebski et al. (2017) who illustrated that high level of cysteine with HS is relate to the observed increase in reduced GSH due to that the available cysteine levels regulate synthesis rate of the reduced GSH, consequently, reduction of oxidative damage in the stress conditions. As shown in the current study, in ovo injection of cysteine plus methionine elevated GSH/GSSG ratio in the SAAIG compared with the NIG and SIG. This augmented GSH/GSSG ratio is due to the increase in reduced GSH levels, but levels of GSSG remained fairly constant. However, the reduction in GSH/GSSG ratio as in NIG and SIG indicates that these groups still suffer from oxidative damage due to HS, where Gu et al. (2012) stated that decreased GSH/GSSG ratios were due to amplified oxidative damage under HS.
Certain of the important physiological and biochemical consequences of HS amplified the production of free radicals and lipid peroxidation of cell membranes (Mujahid et al., 2007) . SAA possess a complex metabolism that is involved in several functions in the bird such as the methylation of DNA, RNA, lipids and proteins, and synthesis of numerous cellular components. Geraert et al. (1996) elucidated that endocrinological changes caused by HS in broilers stimulate lipid accumulation by increased de novo lipogenesis, decreased lipolysis, and boosted amino acid catabolism. The results of present study exhibited that SAAIG had significantly lower levels in the serum lipid profile. Kalinowski et al. (2003) clarified that SAA plays a significant function in the metabolism of lipid as a methyl group donor and also acts as a lipotropic agent. Methioninedecreased triglycerides levels may be due to the increased hormone-sensitive lipase levels in adipose tissue (Zhan et al., 2006) . Besides, Jariyahatthakij et al. (2018) point out that adding methionine may have an impact on the depression of fatty acids synthesis. In our results, the survival of the embryo was not affected by the injection of SAA, where we found that the SAAIG had insignificantly lower ratio of embryonic mortality than other groups (NIG or SIG) . This result may not interfere with the role of lipids in embryonic development. We suggest that embryos of SAAIG may absorb the lipids faster than the embryos in the other groups.
As a final point, the results of present study corresponded to the hypothesis that was designed. In ovo SAA injection was associated with enhanced antioxidant indices in newly hatched broiler chicks. Higher SOD, GSH-Px, GSH/GSSG ratio in the serum and tissues of SAAIG birds was indicative of its superiority in controlling OS effects, and this was supported by lower levels of serum lipid profile, corticosterone hormone, and HSP70. The antioxidant system provides sufficient defense against the HS in the presence of SAA. We can state that the injected amount of methionine plus cysteine at day 17.5 of incubation in broiler eggs under high temperature (39.6
• C for 6 h daily) between 10 and 18 D of the incubation was important to protect the tissues of new chicks from oxidative damage, and may prepare chicks for specific post-hatch environmental challenges.
CONCLUSION
In light of the present study, in ovo SAA injection (methionine plus cysteine) in the embryonated eggs exposed to HS increased GSH-Px gene expression and antioxidant indices, and reduced HSP70 gene expression, corticosterone concentrations, and lipid profile of newly hatched broiler chicks. It is concluded that in ovo SAA injection may be a promising approach for mitigating the harmful effects of heat and OS.
